Immune homeostasis is tightly regulated by negative regulatory signals providing a counterbalance to activating stimuli. 1,2 Negative regulatory receptors have been described on all hematopoietic cells; a prime example that illustrates their importance is natural killer (NK) cell function. Self tolerance of NK cells is ensured by a set of inhibitory cell surface receptors that bind to self-major histocompatibility (MHC) class I ligands. 3 In humans, these receptors include the family of killer immunoglobulin-like receptors (KIRs).
Introduction
Immune homeostasis is tightly regulated by negative regulatory signals providing a counterbalance to activating stimuli. 1, 2 Negative regulatory receptors have been described on all hematopoietic cells; a prime example that illustrates their importance is natural killer (NK) cell function. Self tolerance of NK cells is ensured by a set of inhibitory cell surface receptors that bind to self-major histocompatibility (MHC) class I ligands. 3 In humans, these receptors include the family of killer immunoglobulin-like receptors (KIRs).
Inhibitory KIRs have long cytoplasmic tails with 2 immunoreceptor tyrosine-based inhibitory motifs (ITIMs). Upon ligation of an inhibitory KIR, the ITIMs are phosphorylated and bind to the src homology 2 (SH2) domains of the phosphatase SHP-1. As a result of this binding, the catalytic site of SHP-1 is released from autoinhibition. 4 In NK cells, cognate binding of inhibitory KIRs to their human leukocyte antigen (HLA) ligands is enough to facilitate receptor clustering, ITIM phosphorylation, and SHP-1 activation. 5 The direct target of SHP-1 appears to be the guanine nucleotide exchange factor Vav1. 6 Dephosphorylation of Vav1 leads to inhibition of Rac1, 6 thereby preventing cytoskeletal rearrangement. One consequence is complete inhibition of NK cell activation. In fact, the formation of an activation platform between NK cells and target cells is completely prevented. 7 In addition to NK cells, KIRs are also expressed on T cells. 8, 9 Naive and memory T cells are equipped to support their transcription; 10 however, expression is only found on senescent or enddifferentiated CD4 ϩ and CD8 ϩ T cells that have lost the expression of CD28. 11 The biologic function of inhibitory KIR expression on T cells is difficult to envision and likely different from NK cells. In NK cells, they are the basis for the missing self hypothesis 12 (ie, NK cells only respond to cells that have lost MHC class I expression). Otherwise, the inhibitory receptors keep NK cells completely unresponsive. Such a model would not be meaningful for T cells, the activation of which is dependent on MHC-restricted T-cell-receptor (TCR) triggering. Not surprisingly, functional studies of inhibitory receptors on T cells have come to conflicting results. 8, 13, 14 Inhibitory KIRs on selected tumor-specific CD8 ϩ T cells in patients with melanoma 15 and renal carcinoma were shown to inhibit tyrosine phosphorylation of early signaling proteins, lipid rafts, TCR/CD3 clustering, and the reorganization of the actin cytoskeleton; they also completely shut down T-cell activation. Consequently, the tumor-specific immune response was dampened, supporting a model of KIR expression on T cells as a cause of defective immunosurveillance. 8 Other studies of inhibitory receptors, such as immunoglobulin-like transcript 2 (ILT-2) on human CD8 T cells and GP49B1 on murine CD8 T cells, have only reported an effect on interferon-␥ (IFN-␥) production but not on cytotoxicity. 14, 16 In transgenic mice coexpressing KIR2DL3 and its ligand HLA-Cw3, KIRs even appeared to favor clonal expansion and T-cell survival in vivo. 13 Since T cells are uniquely equipped to transcribe KIRs, their expression on T cells must be evolutionarily selected. However, the model that the biologic function of KIRs lies in the accumulation of functionally inert cells that with time increasingly compete for space is unappealing. We have hypothesized that the function of KIR expression on T cells lies in the modification of activationdependent T-cell function and not their global inhibition. This hypothesis is consistent with the observation that different T-cell functions require different activation thresholds and that attenuation of T-cell receptor signaling has not only quantitative but also qualitative consequences. 17 
Materials and methods

Cells and materials
CD4 ϩ CD28 Ϫ T cells were cloned and maintained as previously described. 9, 18 KIR2DL3 ϩ NK cells were isolated by AutoMACS (Miltenyi Biotec, Bergisch Gladbach, Germany). 721.221 and 721.221 cells transfected with HLA-Cw3 were kind gifts from Dr Eric Long (National Institutes of Health, Rockville, MD). Antibodies and reagents used: anti-CD3 (OKT3 Ortho Diagnostics, Raritan, NJ); anti-KIR2DL3/2DL2/ 2DS2 monoclonal antibodies (mAbs) GL183 (Beckman Coulter, Fullerton, CA) and CH-L (Pharmingen, San Diego, CA), anti-CD16 mAb (3G8), anti-HLA-ABC (Pharmingen), anti-HLA-DR (L243; American Type Culture Collection, Rockville, MD); staphylococcal enterotoxin B (SEB; Toxin Technology, Sarasota, Florida); N ␣ -benzyloxycarbonyl-L-lysine thiobenzyl ester hydrochloride (BLT), and 5,5Ј-dithio-bis-(2-nitrobenzoic acid) (DTNB; Sigma, St Louis, MO); fluorescently labeled cholera toxin B subunit (CTX␤; Molecular Probes, Eugene, OR); anti-ZAP70 polyclonal antibody (Dr Paul Leibson, Mayo Clinic, Rochester, MN); anti-PLC-␥ mAb, anti-Vav1 mAb, and antiphosphotyrosine antibody 4G10-conjugated agarose beads (Upstate Biotechnology, Lake Placid, NY); and antiphosphotyrosine antibody P-Tyr-100 (Cell Signaling Technology, Beverly, MA). For confocal imaging experiments, anti-CD3, anti-CD11a, anti-HLA-ABC, and anti-KIR2DL2 (CH-L) were fluorescently labeled with Zenon antibodylabeling kits (Molecular Probes). The protocol was approved by the Mayo Clinic and the Emory University Institutional Review Board.
Conjugate formation assay
T cells were labeled with Alexa488-CTX␤ (Molecular Probes) and target cells 721.221 or 721.221/HLA-Cw3 with Alexa647-CTX␤. Target cells were incubated with 2 ng/mL SEB for 2 hours. T cells and target cells (10 000 and 20 000, respectively) were mixed in a final volume of 200 L, centrifuged at 25g (300 rpm) at 4°C for 3 minutes, and kept at 37°C for various times. Samples were promptly analyzed on a FACSort (Becton Dickinson, Franklin Lakes, NJ). Results are expressed as the percentage of T cells that formed conjugates with target cells.
IFN-␥ analysis
Resting CD4 ϩ CD28 Ϫ T-cell clones were stimulated with irradiated P815 cells coated with mouse IgG, anti-CD3 and mouse IgG, or anti-CD3 and anti-KIR2DL2 mAbs. In other experiments, the T cells were stimulated with irradiated SEB-coated 721.221 or 721.221/HLA-Cw3 cells. In each case, 50 000 CD4 ϩ CD28 Ϫ KIR2DL2 ϩ T cells were coincubated with 25 000 target cells. The supernatants were harvested after 48 hours, and IFN-␥ was determined by enzyme-linked immunosorbent assay (ELISA; BD Pharmingen, San Diego, CA).
Cell proliferation
Carboxy-fluorescein diacetate succinimidyl ester (CFSE)-labeled CD4 ϩ CD28 Ϫ KIR2DL2 ϩ T cells (50 000) were incubated with 25 000 SEB-coated target cells (721.221 or 721.221/HLA-Cw3). On day 5, the cells were analyzed on a FACSort.
Cytotoxicity and degranulation assay
Standard 4-hour 51 Cr-release or CytoTox 96 Non-Radioactive Assays (Promega, Madison, WI) were carried out with P815 cells coated with mouse IgG, anti-CD3 and mouse IgG, or anti-CD3 and anti-KIR2DL2 mAbs as target cells, and either KIR2DL3 ϩ NK cells or CD4 ϩ CD28 Ϫ KIR2DL2 ϩ T cells as effector cells. BLT esterase assays were used to assess degranulation. 19 Effector cells were incubated with either antibody-coated P815 cells or with SEB-coated 721.221 or 721.221/HLACw3 target cells; supernatants were collected after 4 hours.
Confocal microscopy image analysis
721.221 and 721.221/HLA-Cw3 cells were incubated at 37°C with 2 ng/mL SEB for 2 hours. For experiments involving the visualization of lipid rafts, T cells were stained with either Alexa488 or with Alexa555-conjugated CTX␤. For visualizing LFA-1, CD3, HLA-Cw3, and KIR2DL2, T cells were labeled with fluorescently conjugated anti-CD11a, anti-CD3, anti-HLA-A, HLA-B, HLA-C, and anti-KIR2DL2 (CH-L) antibodies. The nonblocking function of anti-HLA-A, HLA-B, and HLA-C antibody has been shown previously. 20 The anti-KIR2DL2 antibody (CH-L), used under the same conditions as in the imaging experiments, did not affect the inhibitory function of KIR2DL2 on IFN-␥ production ( Figure S1 ; see the Supplemental Figure link at the top of the online article, at the Blood website). Labeled T cells and target cells mixed at a ratio of 1:2 were centrifuged at 25g (300 rpm) at 4°C for 3 minutes. The conjugates were gently resuspended in medium RPMI 1640 without phenol red plus 5% FCS (Invitrogen, GIBCO, Grand Island, NY), incubated at 37°C for the indicated times, and transferred to collagen-coated glass-bottom optical dishes (MatTek Corporation, Ashland, MA) just before imaging.
Cell conjugates were visualized using a Zeiss LSM 510 META laser-scanning confocal microscope equipped with argon/krypton and helium/neon lasers (Zeiss, Thornwood, NY). Images were collected using a 100 ϫ/1.4 numeric aperture (NA) Plan-Apochromat or a 63 ϫ/1.4 NA Plan-Neofluor oil immersion objective by an investigator who was blinded to the experimental protocol. A second independent investigator determined the number of conjugates and presence or absence of raft clustering at the T-cell-target-cell interphase. Three-dimensional analysis images were acquired through the z-axis at 0.5 to 1.0 M increments. Images were analyzed with the LSM510 Examiner 3.2 software package (Carl Zeiss, Thornwood, NY).
Microarrays and data analysis
T cells were incubated with SEB-coated 721.221 or 721.221/HLA-Cw3 target cells for 0, 4, and 24 hours. Total RNA was extracted using an RNeasy Mini Kit (Qiagen, Valencia, CA). Total RNA (1 g) was used to make antisense RNA according to manufacturer's instructions (Affymetrix, Santa Clara, CA; http://www.affymetrix.com/support/technical/manual/ expression_manual.affx). Affymetrix GeneChip U133A hybridization was performed by Genomics Core Laboratory (Medical College of Georgia, Augusta, GA). Gene expression signal was summarized by GC robust multi-array average (GC-RMA) (Affymetrix), which uses sequence information for background correction and a quantile algorithm for normalization. 21, 22 Genes were identified that fulfilled the following criteria: (1) expression signal greater than 45 (3-fold higher than background/noise values); (2) a "present" detection call; and (3) a 3-fold higher signal at 4 or 24 hours compared to 0 hour. A total of 107 genes passed this filter.
Transmembrane signaling
T cells were coincubated with superantigen-coated (1 ng/mL SEB) 721.221 or 721.221/HLA-Cw3 target cells for various time points. Cells were lysed, and 500 g of each cell lysate was subjected to immunoprecipitation followed by Western blotting as previously described. 23 In other experiments, CD4 ϩ CD28 Ϫ KIR2DL2 ϩ T cells were stimulated with 1 g/mL mouse IgG, 1 g/mL mouse IgG ϩ 1 g/mL anti-CD3, or 1 g/mL mouse IgG ϩ 1 g/mL anti-KIR2DL2 (GL183) at 37°C. The reaction was stopped, the cells were lysed, and the amount of total and phosphorylated ERK1/2 was measured using total and phosphospecific ERK1/2 ELISA (BioSource International, Camarillo, CA). Results are shown as the amount of phosphorylated ERK1/2 relative to total ERK1/2.
Results
Unrestrained cytotoxic activity of CD4 ؉ CD28 ؊ T cells despite expression of inhibitory KIRs
KIRs are expressed on CD4 ϩ CD28 -and CD8 ϩ CD28 Ϫ T cells at equal expression levels as on NK cells ( Figure 1A ). Expression of KIRs on T cells is stochastic, and individual T-cell clones can therefore coexpress stimulatory KIR2DS2 and inhibitory KIR2DL2 and KIR2DL3, 9 all of which are recognized by the same antibody, GL183. To examine the function of inhibitory KIRs, we selected CD4 ϩ CD28 Ϫ clones that only had transcripts for KIR2DL2 ( Figure  1B ). The ability of KIRs to inhibit cytotoxicity on NK cells is well accepted, 3 and we therefore first examined the effect of KIR2DL2 activity on TCR-mediated cytotoxicity of CD4 ϩ CD28 Ϫ T cells in a 4-hour reverse cytotoxicity assay using antibody-coated 51 Crlabeled P815 mouse mastocytoma cells. TCR triggering by anti-CD3 induced considerable cytotoxicity, which is consistent with the previous finding that these cells are cytotoxic effector cells expressing perforin and granzyme B ( Figure 1C ). [24] [25] [26] [27] To our surprise, we observed no inhibitory effect on the ability of the T cell to kill the target cells, when KIR2DL2 was coengaged with the anti-KIR2DL2 antibody. In contrast, the CD16-induced cytotoxic activity of purified KIR2DL3 ϩ NK cells was inhibited in the very same experimental system upon cross-linking with anti-KIR2DL2 ( Figure 1C ). The NK cell donor was selected to lack the KIR2DS2 gene; T-cell clones tested were negative for KIR2DS2 transcripts. Inhibition of NK cell activity, as well as the lack of inhibition in T cells, was seen over a large range of concentrations of the stimulatory antibodies (1-300 ng/mL), excluding coexpression of KIR2DS2 or different activation thresholds for the distinct effects in T and NK cells.
Similar results were obtained when a granule exocytosis assay was used ( Figure 1D ). Anti-CD3-coated P815 cells induced granule release in CD4 ϩ CD28 Ϫ T cells as indicated by granzyme A release. 19 Cross-linking of KIR2DL2 did not have an inhibitory effect. The granule exocytosis allowed for study of the effect of KIR2DL2 in a natural ligand system. In pilot studies, T-cell clones were selected that were responsive to the superantigen SEB presented by 721.221 cells. 721.221 cells express MHC class II molecules but lack cell surface expression of MHC class I molecules. 721.221 cells transfected with HLA-Cw3, a ligand for KIR2DL2, induced release of cytotoxic granules from KIR2DL2 ϩ CD4 ϩ T cells to the same extent as were released by stimulation with untransfected target cells. BLOOD, 1 JUNE 2006 ⅐ VOLUME 107, NUMBER 11 For personal use only. on October 20, 2017 . by guest www.bloodjournal.org From between the T cells and either type of target cell. HLA-Cw3 was clustered peripherally to the lipid raft and CD3 cluster at 15 minutes, documenting that KIR2DL2 recognized its ligands and was recruited ( Figure 2D ).
Further imaging studies documented that the transient interaction platform formed between KIR2DL2 ϩ T cells and HLA-Cw3-expressing target cells is characteristic of an activating immune synapse. 28 Cells were stained with Alexa488-labeled anti-LFA-1 and Alexa555-labeled anti-CD3 mAb, and lipid rafts were visualized by Alexa555-labeled CTX␤. Representative confocal images of a mature immune synapse with lipid raft and CD3 accumulation in the central supramolecular activation cluster (cSMAC) and LFA-1 accumulation in the peripheral SMAC (pSMAC) are shown in Figure 2E .
KIR2DL2 initially recruited to the pSMAC moves with delay into the cSMAC
Initial studies had shown that KIR2DL2 does not form an inhibitory synapse such as in NK cells, 7 but locates to the pSMAC within the first 10 to 15 minutes after T-cell activation. Serial time points after initial cell contact were examined to obtain information on the kinetics of KIR2DL2-HLA-Cw3 redistribution and the relative localizations of KIR2DL2, HLA-Cw3, and CD3. Antibodies used for the staining did not suppress the function of KIR2DL2 in functional assays ( Figure S1 ). 20 After 10 minutes of coincubation, both KIR2DL2 and its ligand formed a ring in the pSMAC. By 20 minutes, they both had moved to the cSMAC, and by 30 minutes they both had been recruited to the center of the immune synapse ( Figure 3A) , where they colocalized with CD3 ( Figure 3B-C) .
Early TCR signaling events are not inhibited by KIR2DL2
Since cell-surface expression of KIR2DL2 did not inhibit the formation of a mature immune synapse, we hypothesized that the early signaling events of T-cell activation were not inhibited. KIR2DL2 ϩ T cells were stimulated with SEB-pulsed 721.221 or 721.221/HLA-Cw3 target cells. At time points indicated ( Figure  4A ), tyrosine-phosphorylated proteins were immunoprecipitated and analyzed. KIR2DL2 did not have any inhibitory effect on ZAP70, PLC-␥, and Vav1 phosphorylation within the first 25 minutes ( Figure 4A ).
To examine more distal signaling events, we focused on ERK1/2 phosphorylation, which allows an integrative assessment of early signaling events. Since ERK1/2 is abundantly present in 721.221 cells, we used appropriate mAb to stimulate T cells instead of the natural ligand system. T cells were stimulated with control IgG, anti-CD3 and IgG, or anti-CD3 and anti-KIR2DL2 mAb for up to 30 minutes. Phosphorylated ERK1/2 was determined by ELISA. Results are expressed relative to total ERK1/2 ( Figure 4B ). KIR2DL2 did not have an effect on the generation of phosphorylated ERK1/2 in the first 30 minutes of T-cell activation.
KIR2DL2 inhibits ERK1/2 phosphorylation during later-phase T-cell activation
Since KIR2DL2 moved into the cSMAC 15 to 30 minutes after the initial contact between the T cells and the target cells, we examined the effects of KIR2DL2 engagement on TCR-mediated signaling at later stages. The phosphorylation of PLC-␥ and Vav1 was investigated between 60 to 120 minutes after TCR stimulation. The phosphorylation levels of both molecules were reduced starting at 90 minutes by KIR2DL2 ( Figure 4C ). The ratio of phosphorylated to total ERK1/2 continued to increase up to 120 minutes after the For personal use only. on October 20, 2017. by guest www.bloodjournal.org From start of T-cell activation. This increase was substantially less in the cultures where KIR2DL2 was co-cross-linked, which resulted in a significant inhibition of ERK phosphorylation 90 minutes after stimulation ( Figure 4D ). These data suggest that KIR2DL2 does not affect early signaling events but inhibits sustained signaling.
TCR-induced transcriptional activation is sensitive to KIR2DL2
To examine the effect of KIR2DL2 on transcriptional activation after TCR stimulation, KIR2DL2 ϩ T cells were stimulated with SEB-coated 721.221 or 721.221/HLA-Cw3 target cells. Gene expression profiles were obtained at 0, 4, and 24 hours. Results after normalization are shown in Figure 5A for 107 genes that all showed at least a 3-fold increase between 0 and 4 hours. At 0 hours, expression levels were equal; all data points mapped to the diagonal in a 2-dimensional scatter plot. At 4 hours, gene expression of most genes increased more in the absence of HLA-Cw3; the cluster of data points moved to above the diagonal. Similar results were seen after 24 hours. The inhibition did not apply to all genes, and some genes were equally induced under both stimulation conditions. The results indicate that KIR2DL2 engagement blocked the majority of TCR-induced gene transcription. This finding is consistent with the hypothesis that induction of most gene transcription requires sustained signaling.
The gene array data were confirmed for selected candidate genes by conventional techniques. Results in Figure 5B show IFN-␥ production by ELISA. SEB-coated 721.221 and 721.221/ HLA-Cw3 were coincubated with KIR2DL2 ϩ CD4 ϩ CD28 Ϫ T cells for 48 hours, and the amount of IFN-␥ produced was quantified in the supernatant. Parallel experiments were performed using IgG, anti-CD3 ϩ IgG, or anti-CD3 ϩ anti-KIR2DL2-coated P815 cells as stimulators. Regardless of the experimental system, KIR2DL2 To explore whether inhibition of sustained TCR-mediated signaling inhibits cell-cycle entry and progression, CFSE-labeled T cells were coincubated with SEB-pulsed 721.221 or 721.221/HLACw3 target cells for 5 days. KIR2DL2 engagement with HLA-Cw3 resulted in reduced TCR-mediated proliferation ( Figure 5C ).
KIR2DL2 acts by prematurely terminating the immune synapse
Since KIR2DL2, although with substantial delay, is finally recruited to the cSMAC, it may have an effect on the sustained integrity of the immune synapse. To address this question, T cells incubated with SEB-pulsed 721.221 or 721.221/HLA-Cw3 cells were monitored for up to 90 minutes by confocal microscopy, and conjugates were examined for the presence of an immune synapse by using Alexa555-labeled CTX␤. At 30 minutes, there was no difference in raft formation regardless of whether the target cell expressed the KIR2DL2 ligand HLA-Cw3 or not ( Figure 2B ). At 90 minutes, approximately 72% of T cells were found in conjugates with 721.221 cells; 79% of the conjugates had lipid rafts localized to the center of the contact area between the T cells and these target cells (Figure 6) . A similar percentage of 71% of the T cells were in conjugates with 721.221/HLA-Cw3 cells, but only 29% of these conjugates showed lipid rafts in the contact area ( Figure 6 ).
The dissociation of the immune synapse, with the resolution of lipid rafts and its associated decompartmentalization of TCRs, costimulatory receptors, and signaling molecules, could result in the termination of signaling events and explain both the drop-off in ERK phosphorylation and the inhibition of transcriptional events. In naive CD4 T cells, TCR signaling needs to be maintained for 12 hours or longer to achieve full activation. 29 It is likely that effector-memory T cells, such as KIR2DL2-expressing T cells, do not require such a sustained signal; however, the termination of the immune synapse in the first 1 to 2 hours after activation may still prevent transcriptional activation but be sufficient to induce granule release. To test this hypothesis, conjugates of KIR2DL2-expressing T cells and SEB-pulsed 721.221 cells lacking the HLA-Cw3 ligand cells were mechanically disrupted by adding anti-HLA-DR or control antibodies. The cells were cultured for a total of 48 hours, after which supernatants were harvested to assess the production of IFN-␥. The mechanical disruption of the recognition unit at 60, 90, and even 180 minutes inhibited IFN-␥ production to a similar extent as observed when KIR2DL2 was triggered by its ligand HLA-Cw3 on the 721.221 target cells (Figure 7 ). This finding supports the interpretation that KIR2DL2 functions by prematurely terminating the immune synapse and that the delayed recruitment of KIR2DL2 to the cSMAC allows unrestrained cytotoxic activity but attenuates T-cell-activation events that depend on the induction of gene transcription. 
Discussion
Homeostasis in the lymphoid system is achieved through a balance between stimulatory and inhibitory signals. Negative regulatory receptors raise the threshold for activation and prevent the induction of an immune cascade to irrelevant stimuli or minor variations in the microenvironment of antigen-presenting cells and self antigens. A classic example is negative regulatory receptors that recognize self-MHC class I molecules and control NK cell activation. Negative regulation also plays an important role in T-cell homeostasis. Here, regulatory receptors are usually induced upon T-cell activation and provide negative feedback signals. A prime example is cytotoxic T lymphocyte-associated antigen 4 (CTLA-4), 30 which is expressed on the cell surface within 24 hours after stimulation and terminates T-cell activation by recruiting phosphatases.
KIR molecules on CD4 and CD8 memory T cells function fundamentally differently from other feedback mechanisms. Expression of KIRs is acquired during memory T-cell differentiation. 9 While it is unknown how KIRs are induced and why they are restricted to subsets of memory T cells, their expression is constitutive at high levels, as is the case with NK cells, and is no longer subject to changes with T-cell activation. It is therefore assumed that they are not part of a feedback loop but set the activation threshold and prevent activation of T cells, as they do in NK cells. However, such a silencing mechanism is counterintuitive; T cells do not scan the environment for the absence of MHC class I molecules, and the activation of CD8 T cells actually depends on their presence. The biologic implication of KIR expression would therefore be a compromised memory response.
In the present study, we provide evidence for the model that KIRs change the T-cell effector profile rather than preventing T-cell activation, and that the main function of the KIR is to modify the consequences of T-cell activation. We document that KIR2DL2 on CD4 T cells differentially affects effector functions; granule release and cytotoxicity are fully competent, whereas TCR-induced gene transcription is inhibited. The likely mechanism for this finding is a delayed recruitment of KIR2DL2 into the cSMAC. Because of the delay, only late and not early signaling events are inhibited.
Cell-mediated cytotoxicity is only dependent on the release of preformed granules and therefore is a very rapid event. To prevent cytotoxicity, KIRs need to rapidly accumulate in the contact area between the T cell and the target cell. Inhibitory KIRs on NK cells that are binding to their HLA ligands on a target cell form an inhibitory NK cell-immune synapse within 1 minute. The inhibitory NK cell immune synapse is composed of a central and a peripheral supramolecular inhibition cluster, 7 with inhibitory KIRs and SHP-1 localizing to the central cluster. One of the major roles of the inhibitory KIRs is the blocking of the lipid raft movement to the NK-cell-target-cell contact area. 31, 32 Since lipid rafts contain most of the activating receptors and activating signaling molecules, this active exclusion of lipid rafts from the cell contact area provides an important mechanism to block cell activation. KIRs do so by activating SHP-1, a direct target of which is Vav1. 6 As Vav1 is the main conductor of actin cytoskeleton reorganization, [33] [34] [35] the inhibition of Vav-1 activation by inhibitory KIRs is an efficacious mechanism to paralyze all effector functions in NK cells.
None of these observations in NK cells holds up for KIR2DL2 expressed in CD4 T cells. The ligation of KIR2DL2 to its ligand HLA-Cw3 did not result in the disruption of conjugate formation. Mature activating immune synapses were formed between KIR2DL2 ϩ CD4 ϩ T cells and HLA-Cw3 ϩ target cells. KIR2DL2 did not inhibit the movement of the lipid rafts and CD3 to the immune synapse. Consistent with this finding, phosphorylation of ZAP70, PLC-␥1, and Vav1 was induced.
While KIR2DL2 was not able to suppress early CD4 T-cell activation events, it did inhibit the transcription of most TCRdependent genes; IFN-␥ production was reduced and cell proliferation diminished. A possible explanation for this response pattern is the kinetics of KIR2DL translocation. KIR2DL2 is first recruited to the pSMAC, but eventually moves to the cSMAC. Inhibition of ERK phosphorylation was first observed approximately 90 minutes after TCR triggering. Transcription of IFN-␥ and other activation markers may require sustained TCR signaling 36 in analog to what has been shown for the proliferation of naive murine T cells 37 and their IL-2 production. 29 Indeed, the mechanical disruption of T-cell-target-cell conjugates up to 180 minutes after stimulation inhibited IFN-␥ production.
Several authors in a variety of experimental systems have demonstrated an inhibitory effect of negative regulatory receptors in T cells similar to those in NK cells, with inhibition of early signaling events. CD94/NKG2A was inhibitory for ␥␦ T cells, 38 ILT-2 inhibited superantigen-induced cytoskeletal reorganization in CD8 T cell clones, 39 and Guerra reported suppression of the activity of tumor-infiltrating KIR ϩ cells by HLA-C recognition. 8 It cannot be excluded that our observations apply to CD4 and not to CD8 T cells. Indeed, KIR expressing CD4 and CD8 T cells differ in several respects. Both types of T cells have increased ability of granule-mediated cytotoxicity; however, CD4 T cells frequently express stimulatory KIR receptors and produce plenty of inflammatory cytokines, while cytokine production in CD8 T cells declines. Also, CD4 and CD8 T cells form different kinds of activation platforms. 40 Our findings in CD4 T cells, however, are not without precedence; and the uncoupling of cytotoxic function from full T-cell activation has been observed for a variety of inhibitory receptors, including those in CD8 T cells. KIR2DL3 in the KIR2DL3 transgenic mice, 13 CD85j on human CD8 T cells, 14 and the murine inhibitory NK receptor GP49B1 on murine CD8 T cells 16 all inhibited IFN-␥ production while leaving the TCRmediated cytotoxicity intact. The reasons for these different observations are unclear. Differences in experimental conditions BLOOD, 1 JUNE 2006 ⅐ VOLUME 107, NUMBER 11 For personal use only. on October 20, 2017 . by guest www.bloodjournal.org From are a possibility, and it would not be surprising if an antibodymediated system favors global suppression. However, contradictory results have also been observed for natural ligand systems. Heterogeneity of T-cell populations from different individuals may be another explanation, and low affinity stimulation may be more susceptible to global suppression. However, we consistently found resistance to KIR-mediated suppression of cytotoxicity in all T-cell clones tested and over a wide range of stimulatory signals.
The kinetics of KIR recruitment is central to understanding the functional implications of KIR expression on T cells. There are contradicting reports about the involvement of cAMP, actin cytoskeleton, and tubulin in the movement of KIRs. 32, 41, 42 It appears logical that an inhibitory receptor should not rely on the actin cytoskeleton to move in the plasma membrane. One of the major mechanisms of inhibitory receptor function is preventing the reorganization of the actin cytoskeleton, which obviously cannot be accomplished by an inhibitory receptor that relies on actin cytoskeleton to exert its inhibitory function. NKG2A, another inhibitory molecule, was also suggested not to depend on actin cytoskeleton for its lateral movement in the plasma membrane. 43 Why inhibitory KIRs move with different dynamics in the cell membrane of CD4 T cells than in NK cells is intriguing, but, at this time, unresolved. Differences in plasma membrane compositions, cell-surface molecule sets, and adaptor molecule sets are possible mechanisms; however, these remain hypothetical since even for NK cells, the mechanisms governing KIR movements have not been defined.
Our studies provide evidence that granule release/cytotoxicity and de novo production of inflammatory mediators can be uncoupled after T-cell activation. While killing requires only a short activation time, inductions of gene transcription and proliferation require sustained signaling. The organization of the lytic machinery is easier to accomplish than the formation of a mature immune synapse. Stimulation conditions to induce cytotoxicity are less stringent; granule release is seen with lower antigen concentration than are needed for the induction of gene transcription. Betts et al have postulated that this uncoupling of major T-cell function has major biologic implications. 44 With low antigen concentrations, such as with low viral load, the T-cell response is focused on killing the appropriate target cells, thereby avoiding inflammation and collateral damage. Only with higher viral load do antigen-specific T cells respond with the secretion of proinflammatory cytokines and the recruitment and activation of other effector mechanisms. A similar uncoupling of effector function after T-cell activation is seen with inhibitory KIRs. The expression of these negative regulatory receptors on subsets of effector memory T cells may therefore serve the purpose to impart strikes selectively. KIR expression may enable T cells to use cytotoxic mechanisms without causing collateral damage through the production of cytokines and without distorting T-cell homeostasis through clonal expansion.
